High-performance flexible strain sensors are playing an increasingly important role in wearable electronics, such as human motion detection and health monitoring, with broad application prospects. This study developed a flexible resistance strain sensor with a porous structure composed of carbon black and multi-walled carbon nanotubes. A simple and low-cost spraying method for the surface of a porous polydimethylsiloxane substrate was used to form a layer of synergized conductive networks built by carbon black and multi-walled carbon nanotubes. By combining the advantages of the synergetic effects of mixed carbon black and carbon nanotubes and their porous polydimethylsiloxane structure, the performance of the sensor was improved. The results show that the sensor has a high sensitivity (GF) (up to 61.82), a wide strain range (0%-130%), a good linearity, and a high stability. Based on the excellent performance of the sensor, the flexible strain designed sensor was installed successfully on different joints of the human body, allowing for the monitoring of human movement and human respiratory changes. These results indicate that the sensor has promising potential for applications in human motion monitoring and physiological activity monitoring.
Introduction
In recent years, various flexible strain sensors which convert mechanically-dependent variables (such as stretching [1] , bending [2] , and torsion [3] ) into electrical signals have been developed. Applications of such sensors include their use as wearable, soft sensor joints on the surface of the skin, which can measure the biological and physiological activities of the user. These advantages and developments have attracted growing attention and applications in artificial intelligence [4, 5] , human motion detection [6] [7] [8] , human facial expression recognition [9, 10] , intelligent robots [11, 12] , and health monitoring [13, 14] , among others [15] . However, in view of the widespread application of these sensors, several important requirements and considerations need to be met. In order to better monitor the complex signal, the strain sensor should have an adequate flexibility, high sensitivity, large measuring range, fast response ability, excellent durability, and small volume. As well as being comfortable and convenient to wear, easy integration with an external circuit and a low production cost are also key factors that need to be considered. At present, to satisfy the aforementioned characteristics, researchers have designed strain sensors with different sensing mechanisms, among which the resistance sensor has gradually become the mainstream design method of strain sensors due to its simplicity and low cost. According to the response principle of resistance sensors, conductive carbon 
Design and Fabrication

Experimental Materials
In this experiment, high-purity multi-wall carbon nanotubes (MWNTs) were provided by Nanjing XANANO Materials Tech Co., Ltd., Nanjing, Jiangsu Province, China. The purity of the MWNTs was 95%, with a diameter of 10-20nm, a length of 10-30µm, and a carboxyl content of 2.00 wt%. Carbon black (CB) of the model BP2000 was purchased from Cabot Corporation, Boston, Massachusetts, USA. Alcohol was used as the solvent of conductive carbon fillers, which can accelerate the evaporation of the solvent. The mixture of CB/MWNTs was added to the alcohol for three hours of ultrasonic mixing, and a CB/MWNT dispersion with a mass fraction of 2.00 wt% (1.00 wt% each for CB and MWNTs) was obtained [33] . PDMS was used as the matrix material (Sylgard 184; Dow Corning Corp., Gales Ferry, Connecticut, USA), and the prefabricated mixture was prepared using a 1:15 mass ratio of the curing agent to the substrate, which was stirred for 10 min and set aside. Granulated sugar was ground in the grinder for 30 min for later addition to the matrix.
Fabrication Process of the Porous Flexible Strain Sensor
The fabrication process of the porous flexible strain sensor is shown in Figure 1 . First, as shown in Figure 1a , the substrate of the porous flexible strain sensor was prepared by the blending method. Mixtures with mass fraction ratios of m (sugar)/m (PDMS) = n (where n = 0%, 10%, 20%, 30%, 40% or 50%) were stirred magnetically for 2 h to obtain evenly dispersed sugar/PDMS mixtures. Then, the excess bubbles were removed by vacuum treatment for 20 min, and the various mixtures with different mass fraction ratios were poured into cylindrical molds with an inner diameter of 2.25 mm and cured in an oven at 80 • C for 3h. The substrate of the cured sugar/PDMS mixture was then taken out and placed in distilled water for 48 h of ultrasound treatment to dissolve the granulated sugar within the cured sugar/PDMS mixture completely, and to obtain the porous PDMS substrate, as indicated in Figure 1b . Mechanical tests were conducted on the porous substrate with different mass fraction ratios and the substrate with the best tensile properties was selected (see Section 3.1 for details). The selected substrate was then put into an ethanol solution for 10 min of ultrasonic cleaning to remove any stains and dust on the surface in Figure 1c . After drying, the substrate was rinsed in an oxygen plasma cleaner for 90 s, as shown in Figure 1d . The purpose of this was to improve the surface activity of PDMS by making it hydrophilic and to increase the absorption of conductive nano-materials. Finally, the conductive composite mixture was sprayed evenly on the porous substrate using a spray bottle, and the porous flexible strain sensor was obtained after drying in the oven, as presented in Figure 1e .
Characterization and Electrical Measurements
The porous flexible strain sensor was characterized by scanning electron microscopy (SEM), and the results are shown in Figure 2 . The micrograph of Figure 2a shows evident irregular pores inside the PDMS substrate, indicating that the porous effect was achieved and that a conductive network layer was wrapped around the PDMS substrate. By further magnification of the conductive material coating on the sensor surface, it was revealed that the close contacts of CB and MWNTS crisscross together to form a cooperative conductive network, as exhibited in Figure 2b . The conductive channel Sensors 2020, 20, 1154 4 of 13 was mainly formed by CB-CB, CB-MWNT, and MWNT-MWNT connections (indicated by the yellow circle in Figure 2b ), which suggests that the prepared material achieved the desired effect.
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The porous flexible strain sensor was characterized by scanning electron microscopy (SEM), and the results are shown in Figure 2 . The micrograph of Figure 2a shows evident irregular pores inside the PDMS substrate, indicating that the porous effect was achieved and that a conductive network layer was wrapped around the PDMS substrate. By further magnification of the conductive material coating on the sensor surface, it was revealed that the close contacts of CB and MWNTS crisscross together to form a cooperative conductive network, as exhibited in Figure 2b . The conductive channel was mainly formed by CB-CB, CB-MWNT, and MWNT-MWNT connections (indicated by the yellow circle in Figure 2b ), which suggests that the prepared material achieved the desired effect. The experimental setup of the sensor testing process is detailed in Figure 3a ,b. By setting the tension gauge to apply strain in different directions, forces were applied to the sensor in both stretching and compressing directions to test the performance parameters of the sensor. The tension gauge was the ZQ-990A model from China Smart Instrument Co., Ltd., with a measuring range of 0~50 N and a force resolution ratio of 0.01 N ( Figure 3 ). The resistance parameter testing instrument was a desktop LCR meter (TH2826) from Changzhou Tonghui Electronics Co., Ltd. As shown in Figure 3a , during the testing of tensile properties, both ends of the strain sensor were fixed firmly to the fixture. During the testing of bending characteristics, the strain sensor was fixed on the PET substrate, which is shown in Figure 3b . A temperature measuring instrument (303-0a, Shanghai kuntian laboratory instrument Co., Ltd.) was used to record the temperature of the sensor.
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Results and Discussion
Characteristics of the Flexible Strain Sensor
The mechanical properties of the six groups of flexible strain sensor samples with mass fraction ratios of m(Sugar)/m(PDMS) = n (n = 0%, 10%, 20%, 30%, 40% or 50%) were evaluated by tensile and compression tests. Figure 4 shows the stress-strain curve and mechanical properties of the six groups of samples. The results of Figure 4a indicate that the porous structure created by sugar dissolution can change the elastic modulus of the material and increase the tensile length of the matrix, thus improving the tensile performance of the sensor. When the mass fraction ratio is 30 wt%, the sensor exhibits the highest variation in tensile strain of up to approximately 130%. Detailed mechanical properties are shown in Figure 4b , where it is evident that at a mass fraction ratio of 30 wt%, the corresponding PDMS substrate has the highest tensile strength and elongation at the breaking point. Therefore, in the subsequent experiments, the PDMS substrate with a mass fraction ratio of 30 wt% was selected as the experimental sample. 
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The sensitivity (GF) formula of the strain sensor is as follows:
where ∆R is the resistance variation under strain (∆R = R − R 0 ), R 0 is the initial resistance without strain, and ε is the relative variation in the length of the sensor under strain. The sensitivity (GF) formula of the strain sensor is as follows:
without strain, and ε is the relative variation in the length of the sensor under strain.
The changes in sensor resistance during the strain process are shown in Figure 5 . When the sensor is not stretched, no cracks appear on the substrate surface, and there is a close connection between CB-CB, CB-MWNTS, and MWNTS-MWNTS, which forms a large number of conductive pathways (the red curves show conductive pathways in Figure 5 ). Subsequently, when the sensor is subjected to a small tension force, the substrate exhibits inconspicuous surface cracks, which can be described as larger gaps between carbon black particles in the microscopic structure. Although the separation between CB particles (the yellow circles in Figure 5 ) reduces the conductive pathways, the connections between CB-MWNTS and MWNTS-MWNTS are affected minimally, and the variation in resistance is thus small. Furthermore, at larger tension forces, obvious cracks appear on the surface of the substrate and the gaps have been widened, resulting in a large number of fractures within the conductive pathways between CB and MWNTS, and between MWNTS (the blue circles in Figure 5 ). As such, the change in resistance of the sensor increases significantly. The changes in sensor resistance during the strain process are shown in Figure 5 . When the sensor is not stretched, no cracks appear on the substrate surface, and there is a close connection between CB-CB, CB-MWNTS, and MWNTS-MWNTS, which forms a large number of conductive pathways (the red curves show conductive pathways in Figure 5 ). Subsequently, when the sensor is subjected to a small tension force, the substrate exhibits inconspicuous surface cracks, which can be described as larger gaps between carbon black particles in the microscopic structure. Although the separation between CB particles (the yellow circles in Figure 5 ) reduces the conductive pathways, the connections between CB-MWNTS and MWNTS-MWNTS are affected minimally, and the variation in resistance is thus small. Furthermore, at larger tension forces, obvious cracks appear on the surface of the substrate and the gaps have been widened, resulting in a large number of fractures within the conductive pathways between CB and MWNTS, and between MWNTS (the blue circles in Figure 5 ). As such, the change in resistance of the sensor increases significantly. The sensitivity (GF) formula of the strain sensor is as follows:
where Δ R is the resistance variation under strain ( 0 R R R Δ = − ), 0 R is the initial resistance without strain, and ε is the relative variation in the length of the sensor under strain.
The changes in sensor resistance during the strain process are shown in Figure 5 . When the sensor is not stretched, no cracks appear on the substrate surface, and there is a close connection between CB-CB, CB-MWNTS, and MWNTS-MWNTS, which forms a large number of conductive pathways (the red curves show conductive pathways in Figure 5 ). Subsequently, when the sensor is subjected to a small tension force, the substrate exhibits inconspicuous surface cracks, which can be described as larger gaps between carbon black particles in the microscopic structure. Although the separation between CB particles (the yellow circles in Figure 5 ) reduces the conductive pathways, the connections between CB-MWNTS and MWNTS-MWNTS are affected minimally, and the variation in resistance is thus small. Furthermore, at larger tension forces, obvious cracks appear on the surface of the substrate and the gaps have been widened, resulting in a large number of fractures within the conductive pathways between CB and MWNTS, and between MWNTS (the blue circles in Figure 5 ). As such, the change in resistance of the sensor increases significantly. The relationship between the variation in resistance ∆R/R 0 and tensile elongation (0%-130%) of the sample is shown in Figure 6a . The variation in resistance ∆R/R 0 of the strain sensor demonstrates evident monotonous increases as the tensile length is varied. According to the trends of the curve, the GF of the sensor can be divided into two stages: at tensile strains ranging from 0% to 40%, the GF is 16.12, while higher levels of tensile strain between 40% and 130% are characterized by a GF of 61.82. These values show that the strain sensor can be adapted to the different tension ranges. In order to verify the dynamic characteristics of the strain sensor, the sensor was stretched by 2%, 25%, 50% and 75% of its own length, and 10 stretch cycles were performed. The results shown in Figure 6b reveal that Sensors 2020, 20, 1154 7 of 13 the ∆R/R 0 changes with the periodic changes in tension force and the sensor has a good regularity and stability. The sensor was held under tensile strain for 70 s in order to verify the stability of the sensor under a prolonged state of tension. Furthermore, Figure 6c shows that the ∆R/R 0 tends to be stable after an overshoot peak (overshoot recovery time: 2 s, 5 s, 10 s, 14 s and 17 s), suggesting that the sensor recovers quickly and is able to perform reliably following the overshoot. This overshoot may be due to the acceleration caused by the tension meter as the sensor is stretched. At the same time, the influence of the tensile rate on the strain sensor was also investigated and the results are presented in Figure 6d . The test results show that at a tensile strain of 30%, as the tensile rate increases incrementally from 10mm/min to 100mm/min, the tensile rate has no obvious effect on the ∆R/R 0 of the strain sensor. This indicates that under external stresses at different frequencies, the sensor remains stable and can meet the needs of motion detection. The tests were repeated 100 times by loading and unloading the tension variation on the sensor, which was 2% and 50%, to study the robustness and reliability of the sensor under continuous strain. The ∆R/R 0 of the sensor under repeated loading at two different levels of tension is shown in Figure 6e ,f. The changes observed for the resistance wave form are similar to those of cyclic loading. At the end of the test, the waveform did not show obvious attenuation, which suggests that the sensor maintained an excellent reliability under the action of a repeated strain force. Figure 6g shows that the sensor resistance increases with increasing temperature and decreases as the temperature is reduced. This is due to the thermal expansion of the conductive composite layer with the increase of temperature, and the distance between the conductive fillers increases, resulting in the increase of resistance. In contrast, when the temperature decreases, the conductive composite layer shrinks and the distance between the conductive fillers decreases, resulting in a reduction in resistance. As the temperature increases from 22 to 51 • C, the ∆R/R 0 does not exceed 10%, which basically meets the needs of high-temperature conditions. Finally, the bending performance of the strain sensor was investigated by attaching the sensor to a PET substrate, which was when installed on the fixture of the bending test instrument in Figure 7 . The cyclic compression test was conducted by setting the procedure loop shown in Figure 6h , with the angle of bending set to 30 • for 45 • repetitions. From the test results below, it can be seen that the resistance of the strain sensor increases during bending, and is restored to its original value after it is released. This illustrates the resilience of the sensor under repeated bending and can meet the needs of bending measurements. of the curve, the GF of the sensor can be divided into two stages: at tensile strains ranging from 0% to 40%, the GF is 16.12, while higher levels of tensile strain between 40% and 130% are characterized by a GF of 61.82. These values show that the strain sensor can be adapted to the different tension ranges. In order to verify the dynamic characteristics of the strain sensor, the sensor was stretched by 2%, 25%, 50% and 75% of its own length, and 10 stretch cycles were performed. The results shown in Figure 6b reveal that the 0 / R R Δ changes with the periodic changes in tension force and the sensor has a good regularity and stability. The sensor was held under tensile strain for 70 s in order to verify the stability of the sensor under a prolonged state of tension. Furthermore, Figure 6c shows that the 0 / R R Δ tends to be stable after an overshoot peak (overshoot recovery time: 2 s, 5 s, 10 s, 14 s and 17 s), suggesting that the sensor recovers quickly and is able to perform reliably following the overshoot. This overshoot may be due to the acceleration caused by the tension meter as the sensor is stretched. At the same time, the influence of the tensile rate on the strain sensor was also investigated and the results are presented in Figure 6d . The test results show that at a tensile strain of 30%, as the tensile rate increases incrementally from 10 m m / m in to 100mm / min , the tensile rate has no obvious effect on the 0 / R R Δ of the strain sensor. This indicates that under external stresses at different frequencies, the sensor remains stable and can meet the needs of motion detection. The tests were repeated 100 times by loading and unloading the tension variation on the sensor, which was 2% and 50%, to study the robustness and reliability of the sensor under continuous strain. The
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Application of Strain Sensors as Wearable Strain Sensors for Human Motion Detection
At present, wearable strain sensors have broad potential for applications in human body information detection due to their ability to respond to external mechanical stimulation. To verify that the sensor presented in this study can indeed be used as a wearable strain sensor, the sensor was attached to different parts of the body for testing. First, the sensors were attached to different joints of the body, and monitored the joint movements of the body in real time, according to the resistance variation. Figure 8a shows a flexible strain sensor on the index finger joint. As the finger joint periodically bends and extends at angles of 45°and 90°, similar periodic changes in
can be detected. When the finger joint is bent, the strain sensor is in the tensile state, and the 0 / R R Δ increases. Similarly, when the finger joint returns to its initial state, the sensor reverts to its original position, and the 0 / R R Δ subsequently decreases. Generally, the greater the degree of bending, the greater the deformation of the sensor and the greater the
. As is shown in Figure 8b ,c, the strain sensor was also attached to the wrist and elbow joints of the body. It can be observed that when the wrist joint ( Figure 8b ) and elbow joints bend at angles of 45°and 90° (Figure 8c ), the sensor reacts quickly, demonstrating that the strain sensor is sensitive to apparent strain and has a stable repeatability. Furthermore, the sensor was then attached to the knee to provide feedback on human movement monitoring. As shown in Figure 8d , the greater the bending degree, the greater the deformation of the sensor and the greater the Figure 8h shows the change trend of the 0 / R R Δ during the jogging and fast running of volunteers. We can see that the frequency of waveform change during fast running is significantly higher than that during jogging, which is consistent with the actual running situation. This indicates that the sensor can detect the running state. The experimental findings above suggest that the sensor can detect the state of running and can be used to monitor human joint movement. In addition, sensors were attached to the volunteers' chests to monitor the 
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when the human body exhibits deep breathing, the 0 / R R Δ displays a greater change. This is because deep breathing increases the strength of the body's breathing and the expansion of the chest, leading to an increase in strain sensor responses. The 0 / R R Δ changes more frequently when the body breathes rapidly compared to normal breathing. At this time, the respiratory rate becomes stronger, causing the strain frequency of the strain sensor to increase. The test result is consistent with the actual situation, which also provides evidence for the abilities of the sensor to detect the physiological activities of the human body in the future.
Sensors 2020, 20, 1154 11 of 13 
Conclusion
In summary, by combining the conductive properties of CB and MWNTS with the high tensile properties of the porous structure of the PDMS substrate, a strain sensor with a unique structure was designed and developed in this study. The experimental results provide evidence which suggests that the porous structure can improve the tensile properties of the sensor, allowing the substrate to be stretched by up to 130%. As CB and MWNTS combine to form a unique nano-composite conductive network structure, the sensor exhibits excellent characteristics, such as a high sensitivity, good linear response, and wide tensile range, as well as good reliability and repeatability. We In addition, sensors were attached to the volunteers' chests to monitor the ∆R/R 0 changes corresponding to shallow, deep, and rapid breathing. As shown in Figure 8h , the ∆R/R 0 varies with the respiratory rate as the volunteer breathes. The graph indicates that the ∆R/R 0 can change with the rate of respiration when the volunteer is breathing. Compared to shallow breathing, when the human body exhibits deep breathing, the ∆R/R 0 displays a greater change. This is because deep breathing increases the strength of the body's breathing and the expansion of the chest, leading to an increase in strain sensor responses. The ∆R/R 0 changes more frequently when the body breathes rapidly compared to normal breathing. At this time, the respiratory rate becomes stronger, causing the strain frequency of the strain sensor to increase. The test result is consistent with the actual situation, which also provides evidence for the abilities of the sensor to detect the physiological activities of the human body in the future.
Conclusions
In summary, by combining the conductive properties of CB and MWNTS with the high tensile properties of the porous structure of the PDMS substrate, a strain sensor with a unique structure was designed and developed in this study. The experimental results provide evidence which suggests that the porous structure can improve the tensile properties of the sensor, allowing the substrate to be stretched by up to 130%. As CB and MWNTS combine to form a unique nano-composite conductive network structure, the sensor exhibits excellent characteristics, such as a high sensitivity, good linear response, and wide tensile range, as well as good reliability and repeatability. We successfully verified the feasibility of the sensor in terms of motion detection through various experiments. The experimental results show that the stress sensor designed using this kind of method not only performs desirably in terms of movement detection by deformation (such as the movement of fingers, wrists, elbows, knee joints, etc.), but is also capable of detecting the physiological activities of the body (such as the respiration intensity and frequency). Additionally, the simplicity, low cost, manufacturability, and easy integration of the sensor, prove that this design can provide a new feasible approach for motion detection in the field of wearable devices.
